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Abstrocl;  Field  resu'ts  from  a  man-portable  electro-  measured  thicknesses  from  abouf  1 .25  to  4.5  m.  No 

magnetic  induction  sounding  instrument,  with  special  ice  under  1 .25  m  was  sounded  in  this  study.  Instrument 

plug-in  data  processing  modules  for  the  remote  thickness  determinations  of  multiyear  sea  ice  over 

measurement  of  sea  ice  thickness,  are  discussed.  The  about  4.5  m  thick  showed  larger  deviation  from  the 

field  trials  indicate  ttiat  the  instrurneiit  was  capable  ot  drill  hole  snow  and  ice  thickness  measurement.  It  is 

estimoting  undeformed  sea  ice  thickness,  with  a  snow  r  ^sed  that  the  undulating  multiyear  sea  ice  relief  is  • 

cover,  generally  within  about  5%  of  the  drill  hole  t.  'ojorcause  of  the  EM  deviotion. 
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New  Hampshire  (CRRHL),  by  Deborah  Diemand,  Research  Physical  Scientist,  Ap¬ 
plied  Research  Division,  and  by  John  J.  Bayer,  Jr.,  Civil  Engineering  Technician, 
Civil  and  Geotechnical  Ei.gineering  Research  Division,  Research  and  Enginccr.ng 
Directorate,  CRREL. 

The  authors  thank  Rexford  Morey  and  Dr.  Patrick  Black  for  technically  review¬ 
ing  the  manuscript  of  this  report. 

The  contents  of  this  report  are  not  be  u.sed  for  advertising  or  promotional 
purpo.ses.  Citation  of  brand  names  does  not  constitute  an  official  endorsement  or 
approval  of  '.he  use  of  such  commercial  products. 
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Electromagnetic  Induction  Sounding 
of  Sea  Ice  Thickness 

AUSTIN  KOVACS,  DEBORAH  DIEMAND, 

AND  JOHN  j.  BAYER,  JR. 


INTRODUCTION 

In  a  IWO  field  study,  a  hand-held  electromag¬ 
netic  induction  sounding  instrument  with  a  spe¬ 
cial  plug-in  data  processing  module  for  the  re¬ 
mote  measurement  of  sen  ice  thickness  was 
evaluated  (Kovacs  and  Morey  1992).  The  proces¬ 
sor  module,  used  to  convert  the  measured  sec¬ 
ondary  electromagnetic  field  in-phase  and  quadra¬ 
ture  phase  response  to  an  ice  thickness,  was  found 
to  be  defective.  The  electromagnetic  instrument 
(EMI)  would  not  work  after  a  .short  period  at 
temperatures  below  10“C.  Indications  were  that 
the  source  of  the  problem  was  battery-related. 

The  EMI  was  then  used  without  the  processor 
module.  In  this  operation,  the  instrument  was 
used  to  measure  an  apparent  conductivity  as  a 
function  of  instrument  st:'ndoff  distanee  above 
the  seawater.  The  results  showed  that  a  good  cor¬ 
relation  existed  between  the  EMI-determined  con¬ 
ductivity  rending  and  the  sea  ice  thickness.  This 
led  tci  the  conclusion  that  a  simple  graph  or  lookup 
table  could  be  used  to  estimate  .sea  ice  thickness 
from  the  eonductivity  reading.  In  short,  the  iech- 
nically  elaborate  proces.sor  module  built  by  Flow 
Research,  Inc.  (Echert  1986  and  Echert  cl  nl.  1989) 
was  overly  sophisticated  for  the  measurenrent  of 
iindeformed  sea  ice  thickness.  This  conclusion  was 
based  on  the  knowledge  that  the  seawater  under 
winter  Arctic  pack  ice  has  a  relatively  uniform 
conductivity  of  about  2.5  S/m  and  an  overriding 
influence  on  the  conductivity  determined  by  the 
EMi.  in  addition,  becau.se  undeformed  sea  ice  is 
relatively  resistive,  it  does  not  have  a  significant 
influence  on  the  EMI's  conductivity  measurement 
(Kovacs  and  Morey  1992;. 

This  report  gives  an  assessment  of  a  new 
Geonics  processor  module  for  determining  .sea 


ice  thickness,  based  upon  the  above  findings,  as 
well  as  a  second  field  trial  of  the  Flow  Research 
processor  module. 


INSTRUMENTATION 

The  primary  sensor  is  the  9-kg  man-portable 
Geonics  Ltd.,  E1.1-31-D  electromagnetic  induction 
sounaing  system  (Fig.  1).  This  device  is  designed 
to  mea.sure  the  magnitude  of  the  in-phase  and 
quadrature  components  of  the  sec  ondary  electro¬ 
magnetic  fil'd  induced  in  the  ground  by  the 
in.strument's  9.8-kHz  transmitted  (primary)  elec¬ 
tromagnetic  field  (Geonics  Ltd.  1984).  Since  sea 
ice  is  relatively  transparent  at  this  frequency,  the 
response  measured  by  the  in.strument  is  a  strong 
function  of  its  height  above  and  the  conductivity 
of  the  seawater.  I  herefore,  an  accurate  measure¬ 
ment  of  the  secondary  electromagnetic  field  ri'- 
.spon.se  and  a  full  .solution  analysis  of  the  data 


FiifHrc  1.  EM!  imtriwwnt  shvwii  resting  on 
lend  ice  as  used  in  this  study. 


usii\g  the  numerical  procedure  of  Anderson  ( 1 979) 
should  give  a  good  estimate  of  the  instrument- 
seawater  distance,  or  the  sea-ice  thickness,  when 
the  EMI  is  resting  on  the  ice. 

The  Flow  Research  ice  processor  module  w'as 
designed  to  use  the  multilayer  analysis  of  Ander¬ 
son  (1979),  as  provided  in  the  Geonics  program 
PCLOOF,  and  an  interpolation  algorithm  (Echert 
1986).  Kovacs  and  Morey  (1991)  state 

Thi.s  approach  a.ssunies  lliat  the  in-ph.i.si>  ai-d 
qiiiulraUiro  coTuponents  of  the  received  magnetic 
field  are  unique  to  .specific  .sea  ice  thickne.ss  and  ice 
and  seawater  conductivities.  The  I'luw  Re.sc'arch 
loukup  table  was  developed  using  10  mS/m  for  the 
t)iilk  conductivity  of  the  .sea  ice,  a  .seawater  conduc¬ 
tivity  range  from  2  to  .T  S/in  in  0.2!i-S/in  incre- 
inenls,  and  a  sea  ice  thickness  range  from  0.25  tt>  0.0 
m  in  0.25-m  increments.  The  ice  thickness  displayed 
is  an  ir.tei polalioi'  between  tlie  tabulated  dac\  and 
the  measured  liM-.H  response. 

T  he  new  plug-in  ice  thickness  procc..sor  mod¬ 
ule  for  the  EM-.Tl  was  de.signed  and  hiiilt  by 
Geonics,  Ltd.  Provisions  were  incorporated  in  the 
module  to  allow  for  the  unit's  output  to  be  re¬ 
corded  at  a  portable  computer  stationed  up  to  .TO 
m  away  or  to  a  small  field-portable  data  recorder. 
This  provision  allow's  for  the  continuous  record¬ 
ing  of  ice  thickness  along  a  survey  route  when  the 
EMI  instruntenl  is  towed  over  the  ice  on  a  sled  rrr 
suspended  front  a  boom  off  the  side  of  a  .ship. 

The  new  ice  proee.ssr>r  module  wa.s  based  upon 
tlie  1990  field  results,  w'hicli  showed  a  good  cor- 
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/  iyinr  2.  EM]-iict‘;nnincd conductivity  ;w.  im^lrwnent 
height  id’ovc  the  acinoatcr  (from  Kot’iic^  ,i/id  Morci/ 
1992)  (T„,  -  ‘imuHder  conductivity. 


relation  between  the  EMI-determined  conductiv¬ 
ity  reading  and  the  instrument  height  above  the 
seawater,  as  shown  in  Figure  2.  Because  the  sea¬ 
water  conductivity  under  rtrctic  pack  ice  does 
not  vary  significantly  from  about  2  5  S/m  during 
the  winter,  it  became  clear  that  a  simple  plug-in 
processor  module  for  the  EMI  could  be  devel¬ 
oped  for  estimating  sea  ice  thickness.  This  mod¬ 
ule  would  contain  a  programmed  lookup  table 
listing  the  apparent  conductivity  vs,  EMI  height 
abc've  the  seawater,  when  the  instrument  is  rest¬ 
ing  on  ice.  These  lookup  table  values  would  be 
determined  using  the  PCLOOP  Program,  a  bulk 
sea  ice  conductivity  of  10  mS/m  and  a  .seawaler 
conductivity  of  2.5  S/ m.  A  digital  di.splay  would 
be  provided  on  the  module.  After  the  EMI  was 
turned  on  and  a  conductivity  measurement  was 
made,  this  value  would  be  cross-correlated  with 
an  instrument  height  in  the  lookup  table,  whicli 
in  turn  would  then  be  displayed.  Only  one  push 
button  would  be  required  to  activate  the  instru¬ 
ment  for  an  ice  thickne.ss  measurement.  After  fur¬ 
ther  consideration,  it  was  decided  to  expand  the 
lookup  table  to  allow  for  a  .seawater  cor.ductivily 
range  from  2  to  ,T  S/m.  T  his  range  would  he  di¬ 
vided  in  increments  of  1).  1  S/m  and  required  a 
second  push  button  to  input  the  appropriate  sea¬ 
water  conductivity.  T  his  two-button  device  w'ould 
he  a  very  simple  ice  measurement  module  to  op¬ 
erate,  and  llie  rigorou.s  procedure  neeiied  to  cali¬ 
brate  th"  Flow  Researeli  ice  thickness  processor 
module  (Eeliert  el  al,  1989)  would  thus  he  avoided. 

The  capability  to  change  the  .seawater  conduc¬ 
tivity  would  allow  the  Geonics  proce.s.sor  module 
to  he  adjusted  for  unu.sual  .seawater  salinity  con¬ 
ditions.  II  the  operator  had  reason  to  believe  that 
the  seawater  conductivity  was  not  2.5  S/ m,  and  a 
conductivity  bridge  was  not  on  hand  to  make  this 
mea.surement,  he/she  could  proceed  as  follows. 
A  drill  hole  ice  tiiiekne.ss  measurement  would  be 
made.  Then,  with  the  EMI  resting  on  the  ice,  an 
ice  tiiiekne.ss  measurenienl  would  be  made  witli 
the  ice  proee.s.sor  module.  The  first  measurement 
could  be  made  with  the  seawater  conductivity  set 
at  2.2  S/in,  a  .second  at  2..T  S/m,  and  .so  i^in  until 
the  i.umerieally  displayed  ice  thickne.ss  on  the 
processor  unit  agre-ed  with  the  drill  hole  mea¬ 
sured  value.  From  Ihis  a.sse.ssmeiit,  a  measure  of 
the  .seawater  conductivity  w'ould  be  obtained,  and 
the  instrument  w.aild  be  calibrated  for  this  loca¬ 
tion.  It  should  be  of  interest  to  note  that  a  .seawa 
ter  conductivity  error  of  ±0.2  .S/ m  ha.s  a  very 
small  effect  (<5'mi)  on  the  estimated  ice  thickness 
(Kovaes  and  Morey  1992). 
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Drill  Hold  Measured  Snow  and  Ice  Thickness  (m) 

FigiirL'  6.  Oil  surfacL'  EMI  cmuhictivity  measiimiwnt  vn-  drill  hole  incastired 
snow  plus  ire  thickness. 
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EMI  Determined  Snow  and  Ice  Thickness  Perpendicular  to  Un©  (m) 


Figure  C.otnpiirison  of  the  FMI  snow  and  io'  thickness  measurements  made 
parallel  vs.  perpendicular  to  the  siinvi/  line. 

nnd  Morey  1978,  1979;  Morey  ct  al.  1984)  and  side  between  the  vertical  basal  plane  ot  the  nu- 

mechanical  (rayton  1966,  Wang  1979,  Timeo  and  merous  fresh  ice  platelets  that  make  up  the  sea  ice 

I'redcrkmg  1990,  Kovacs  1993)  properties  of  the  Ci'ystal  structure  as  depKled  (Fig.  8).  When  the  c- 

ice.  axes  ol  the  ice  crystals  are  all  aligned,  then  the 

The  bottommost  0.2-m  portion  of  the  ice  sheet  brine  inclusions  reside  in  parallel  rows.  Radar 

causes  the  largest  change  in  the  .sea  ice  electro-  reflection  measurement  has  shown  that  when  the 

magnetic  properties.  Here  the  entrapped  brine,  antenna  E-field  is  aligned  parallel  with  the  pre- 

which  governs  the  ice  conductivity,  increa.scs  ex-  ferred  horizontal  c-axis  direction  of  the  ice  crys- 

ponentially  with  depth.  I'he  brine  inclusions  re-  tals  at  the  bottom  of  the  ice  sheet,  maximum  re- 
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EMI  Snow  and  Ice  ih;ckness  (nu 
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iS.  Model  of  Ihc  ^ci!  ice  cn/sUt!  stnicliiiv,  slioro- 
01^  llie  tmii^itioii  from  coliininiir  ice  to  the  ^ketchil 
(SK)  hn/er  nl  the  bottom  of  on  ice  sheet.  The  root  zone 
depicts  the  loict'cn  contocl  betiocen  ice  plotelels  in  the 
zone  ofplolclet  seporotion.  The  brine  pockets  ore  shown 
to  i’liiy  i/I  size  iiiiil  shope  but  ore  nlwm/s  laailed  olonx 
the  bosol  phine  between  the  fresh  ice  plutehis. 


I  ixure  9.  TMI  determined  os.  drill  hole  ineiisiired  snow 
iind  ICC  thickness. 

(‘iK'r);v  Iroiii  ilu'  uo  biittmii  is 
I  lou  i'viT,  whon  the  dnti'niid  is  orionti’d  porptMi- 
ilk  ular  1(1  Ihc  pr('l('i'ivi.i  i-oxis  (.iiiwlion,  Ihc  rr- 
Ilct  U'i.l  energy  vvds  signifie.inlly  ri’iliieed  orelinii- 
n.ileil  (Kov.ies  .mil  Miirey  1979). 

I'he  iii  deieil  ii  e  pl.ilelel  striieUire  ,il  llie  Iml- 
Itini  nt  Ihe  tiilek  (  in)  sen  ii  e  h.is  been  sliinvn 


to  bo  an  effective  polarizer  of  traverse  U?iF  and 
VHF  electromagnetic  waves.  This  ice  structure 
may  have  been  the  reason  for  the  conductivity 
anisotropy  noted  in  Figure  5  and  the  related  ice 
thickness  offset  shown  in  Figure  9.  Nine  conduc¬ 
tivity  measurements  were  made  on  new  lead  ice 
with  the  EMI's  b  om  aligned  parallel  and  then 
perpendicular  to  the  preferred  sea-ice  c-axis  crys¬ 
tal  direction,  and  two  measurements  were  made 
at  -45“  to  the  preferred  c-axis  alignment,  as  deter¬ 
mined  from  ice  core  samples.  The  conductivity 
measurements,  without  gain  correction,  are  listed 
in  Table  1.  The  data  clearly  indicate  a  strong  con¬ 
ductivity  anisotropy  at  this  location  wiien  the  EM! 
was  rotated  on  the  ice.  But,  when  '.he  instrument 
was  elevated  1  m  above  the  ice  surface  at  sites  2 
and  3  and  the  measurements  repeated,  the  con¬ 
ductivity  anisotropy  was  itot  discernible.  While 
this  field  program  was  not  intended  to  explore 
sea  ice  anisotropy  using  the  EMI,  the  limited  field 
measurements  do  suggest  tl’at  the  sea  ice  struc¬ 
ture  m,iy  have  affected  the  .ipparent  ice  coiiduc- 
livity  measurements  and  therefore  the  ice  thick¬ 
ness  o.stimate.  Further  study  should  resolve  this 
irsLie. 

A  one-to-one  curve  was  passed  through  the 
data  presented  in  Figure  9  along  with  ±57..  des'ia- 
tion  limits  as  shown  in  F’igure  10.  As  may  be 
inferred  from  l  igure  10,  the  liMl  ice  thickness 
determination  for  the  most  part  fell  within  the  ,5'lu 
variation  of  the  drill  hole  measured  snow  am.!  ice 
thickne.ss  measurements  up  to  about  4, .5  m.  Above 
4. .5  m  the  undulating  ice  relief  and  therefore  the 
h-e  thickness  in  the  an  a  of  the  drill  hole  probably 
adversely  affected  the  correlation  between  the  EMI 
and  drill  hole  measurements, 


Table  1.  Apparent  conductivity  vs.  EMI  boom 
alignment  with  the  preferred  c-axis  alignment. 
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Drill  Hole  Measured  Snow  and  lea  Thickness  (m) 

Fiydn’  7 0.  /I  one-to-one  linear  curve  draii.n  throu^'^h  the 
data  slwum  ill  figure  9.  Also  shown  is  the  ±5%  van- 
iince  for  the  curve. 


DISCUSSION 

From  the  resuhs  presented  in  this  report,  con¬ 
ductivity  measurements  made  with  a  man- 
portable  EMI  can  apparently  L  e  used  to  estimate 
Arctic  sea  ice  thicluiess.  This  is  based  on  field 
conductivity  measurements  that  were  found  to 
systematically  decrease  witlt  increasing  ice  thick¬ 
ness.  The  data  indicate  that  the  conductivity  read¬ 
ings  can  be  used  lO  estimate  sea  ice  thickness  u.s- 
ing  a  simple  lookup  table  or  a  graph.  An  EMI 
plug-in  processor  module  may  also  be  u.sed  to 
convert  the  measured  conductivity  directly  into  a 
numerically  displayed  ice  thickness.  The  ice  thick¬ 
ness  estimates  obtained  with  the  use  of  the  EMI 
wi’re  found  to  be  in  good  agreement  with  the  drill 
hole  measurements.  For  sea  ice  from  about  1.5  to 
4.5  m  thick,  the  >  leviation  between  the  EMI  instru  ■ 
ment  estimated  and  the  drill  hole  measured  ice 
thii  kne.ss  was  on  the  order  of  +5'%:. 

At  the  I2th  International  Confereive  on  Tort 
and  Ocean  Engineering  Under  Arctic  Conditions, 
held  in  Hamburg,  Clermany,  during  17-20  Au¬ 
gust  199.5,  S.  Gerl  uid  and  C.  Hass  of  the  Alfred 
Wegener  Institute  for  Polar  and  Marine  Research 
presented  a  poster  display  of  the  EM-.31  conduc¬ 
tivity  measurement.s  they  made  on  sea  ice.  They 
too  found  good  correlation  between  EM-51  con¬ 
ductivity  reading  and  the  drill  hole  measured  ice 
thickness  m  areas  of  nonridged  sea  ice.  Hi'wever, 
their  EM-51  instrument  wa.s  found  to  be  tempera¬ 
ture  sensitive.  In  their  test,  the  conductivity  read¬ 
ing  drifted  to  lower  values  as  the  instrument 


cooled  from  room  temperature  to  the  — 40°C  out¬ 
side  temperature.  After  cold  soaking  the  instru¬ 
ment  for  30  minutes,  Gerland  and  Hass  de- 
terrrdned  that  the  conductivity  reading  had 
apparently  decreased  to  where  the  estimated  ice 
thickness  v.as  about  5%  too  low.  After  an  hour  of 
cold  soaking,  instrument  drift  was  no  longer  of 
significance.  It  was  determined  that  the  drift  wa; 
largely  due  to  cooling  the  antenna  coils.  Oui  field 
measurements  were  made  at  much  warmer  tem¬ 
peratures  and  after  the  EM-31  had  been  outside 
for  well  over  an  hour  before  being  used.  While 
the  re.sult.s  of  Gerland  and  Hass  are  instructive, 
their  findings  are  not  unexpected. 

The  EM-31  operator's  manual  (Geonics  1984) 
states  that  "the  EM-31  is  temperature  compen¬ 
sated  and  .set  to  read  correctly,  but  due  to  its  high 
.sensitivity,  fine  adjustment  cf  the  instrument  gain 
in  the  field  may  be  helpful,  particularly  in  the 
case  of  the  large  changes  in  ambient  tempera¬ 
ture."  In  short,  the  instrument  should  not  be  used 
until  it  has  diermally  st  ibilized,  and  a  calibration 
adjustment  may  also  be  in  order  if  a  large  tem¬ 
perature  ch  inge  has  occurred. 

In  the  EM-31  ice  thicbu'.s5  module  program,  a 
bulk  value  of  10  mS/m  '.vas  u.sed  for  the  conduc¬ 
tivity  of  the  sea  ice  or  the  combined  snow  and  sea 
ice  layer.  Slight  variations  hi  this  bulk  value  will 
not  significantly  affect  the  EMI's  determined  snow 
and  ice  thickness,  but  estimated  snow  and  ice 
Ihiduiess  will  be  in  error  where  the  snow  load 
has  depressed  the  sea  ice  nelow  sen  level  and  a 
portion  of  the  snow  is  now  saturated  with  highly 
conductive  seawater.  The  same  would  be  true  for 
rafted  ice  sheets  separated  by  ice  blocks  or  slush 
ice.  In  this  situalion,  the  layer  of  seawater  or  high 
conductivity  .slush  layer  between  the  ice  sheels  is 
not  accounted  for  by  the  ice  thickness  modulo 
program  and  the  thickness  estimate  will  be  in 
error. 
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